The International Space Station (ISS) is the single largest and most complex scientific and engineering space structure in human history. Its orbital parameters make it extremely vulnerable to atmospheric drag force. The complex interactions between the atmosphere's molecular structure, solar energetic particles, extreme ultraviolet (EUV) radiation and the geomagnetic field cause heating and subsequent expansion of the upper atmosphere. This condition increases drag on low Earth orbit satellites and varies with current space weather conditions. In this work we applied empirical atmospheric density model as a function of space environmental parameters, to model drag force impact on a model LEO Satellite during variation of solar activity. Applying the resulting drag model on a model ISS satellite we found that depending on the severity of solar events, stage of the solar cycle and orbital parameters, a massive artificial satellite could experience orbit decay rate of up to 2.95km/month during solar maximum and up to 1km/month during solar minimum.
Introduction
It was long envisaged that a time would co me when humanity would leave the provenance of the Earth and occupy the outer space even before the successful launch of the first artificial satellite (Sputnik-1) in October 1957. In April 1971, the Soviet Union launched Salyut 1, the first space statio n. The station was de-orbited about six months later (11 th October 1971), due to mechanical related faults and associated risks. In the late 1980s, NASA in partnership with other space agencies across the world thought of launching the International Space Station (ISS). The first module of the ISS was later launched in 1998 -a structure now known as 'the largest, most complex international scientific and engineering space project in history, and the largest endeavour into space to date' [also see Ref. [1] [2] [3] ]. After launch, the performance and survival of this space system largely depended on a number of factors, including its ability to weather 'perturbing tides' associated with the vast 'ocean' of the space through which it traverses. Gravitational and non-gravitational forces have been identified as the two types of forces perturbing the trajectory of these space objects 4) . However, atmospheric drag, a non-gravitational force, is the strongest force perturbing satellite orbits at low Earth orbit (LEO) or thermospheric altitude.
Quite a number of satellites have been affected and/or experienced re-entry due to atmospheric drag effects. 5) . Atmospheric drag can also make identification and tracking of satellites and other space objects difficult as well as satellite manoeuvre, lifetime and re-entry predictions [6] [7] [8] [9] .
The drag force experienced by low Earth orbit satellites (LEOSs) is largely due to solar-forcing induced variations on thermospheric density. Effec ts of solar activity on atmospheric density and/or satellite orbit have been studied by several authors 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
However, the impact of long-term drag force at different phases/stages of a solar cycle due to solar-induced space environmental perturbation has not been fully explored, especially for large and/or massive artificial satellite such as the ISS. The density of the thermosphere changes in response to heating and subsequent expansion of the upper atmosphere by energetic extreme ultraviolet (EUV) and particle radiation emitted from the sun during solar and geomagnetic activity, which also varies with current space weather conditions. There is a significant upper atmospheric variation in temperature, density, composition, and winds as a consequence of variations in solar radiation absorbed in the thermosphere at various phases of a solar cycle 18) .
Known processes which produce perturbations in the sun-Earth space environment, and causes atmospheric 48 heating are primarily driven by solar events such as solar wind streams, coronal mass ejections (CMEs), and solar flares. They are sporadic and are known to vary with the phase of the 11-year solar cycle, especially CMEs and solar flares. Co-rotating interaction region (CIR) and/or solar wind high -speed streams (HSS) and their effects on the upper atmosphere and orbit have also been identified and studied 9, 12, 15, [19] [20] [21] [22] . This solar wind driven phenomenon influences atmospheric density profile and induces geomagnetic storms especially during solar minimum and consequently affect satellite orbits. Thermal tides propagating from the lower atmosphere can also influence atmospheric density and significantly contribute to drag on LEO Satellites [23] [24] [25] [26] [27] . The trajectory of a satellite can be significantly perturbed during intervals of extreme space weather conditions due to consequent atmospheric density increase or variation. Walterscheid (1989) studied solar cycle induced effects on the upper atmosphere and its implications for satellite drag and pointed out that a typical satellite initially at 500km could have a lifetime of about 30 years under typical solar cycle minimum conditions and only about 3 years under solar maximum conditions 18) . Atmospheric drag experienced by a satellite at perigee can also significantly lower the apogee, causing the orbit to become more and more circular, until the entire orbit is at the perigee altitude. This situation can result to satellite re-entry. It was reported that increasing activity during past solar peak heated and subsequently expanded Earth's upper atmosphere in the late 1970s. The expanded atmosphere increased drag on Skylab, which was originally at 435 km, and brought it down two years earlier than expected 5, 28) . Hubble Space
Telescope (HST) also experienced a severe atmospheric drag during its mission and suffered severe orbital decay 29) . But for NASA's adoption of a three-year on-orbit maintenance (and its subsequent implementation), to keep it in orbit, it would have re-entered the atmosphere before the end of its mission. Figure 1 show three of the four HST on-orbit servicing missions in 1993, 1997, 1999 and 2002 .
The International Space Station at a glance
The first ISS module (Zarya) was launched in November 1998. Construction and assembly of other modules in space continued until its completion in 2011/2012. The ISS is pictured as an orbiting laboratory and construction site that synthesizes the scientific expertise of about 16 nations (that maintains this habitable structure in the outer space) 30) [Also see Ref 31) ]. In this work, we study (by model) the long-term trend of the impact of atmospheric drag on the orbit of a large (massive) LEO satellite (the ISS) at different phases of the solar cycle. We also predict how the trajectory of the spacecraft may be affected in the future. The idea is not to replicate the exact orbital evolutionary scenario of the existing ISS, as that requires precise knowledge of several parameters, but to obtain an estimate for a real case application and drag impact mitigation. Thus we make use of realistic (available) facts and figures for determination and/or approximation of the orbital parameters of the model ISS. One of the parameters critical to computation of orbital decay due to atmospheric drag is the area-to-mass ratio of the system, which is embedded in the ballistic coefficient of the satellite.
Ballistic (B) and drag coefficients (C d )
The ballistic coefficient (BC) of a satellite is the parameter that is used to quantify the ability of the body to overcome air resistance (or atmospheric drag) in flight. Satellites that have a high value of m s /A s C d will stay longer in orbit while those with low value will experience accelerated decay. The BC of a satellite can be affected by its orientation and can vary up to a factor of 10 5 32) . The ballistic coefficient B is given by the equation:
where A s is the omni-directional projected area of the satellite, m s is the mass of the satellite and C d the drag coefficient at an altitude of r. C d is the ratio of the drag on a body moving through air to the product of the velocity and the surface area of the body. In determining the exposed area A s (in the direction of travel) of model ISS, we considered three sections of the ISS -the pressurized section, the solar array section and other connecting sections. ISS uses eight solar array wings. When fully extended, they are about 35 m by 12 m each 3, 31) . The wings are adjusted to maintain an optimum depth of battery discharge, and minimized frontal area projected to the ram direction, thereby reducing drag, and also saving propellant 3) . Against this backdrop, we assume a minimal effective projected area for the model ISS. The drag coefficient C d assumed in this computation is 2.2. It is related to shape, and important to accurate determination of atmospheric density. The value of C d used in this study is the typical value for most spacecraft, but studies have shown that this assumption introduces a bias into thermospheric density model, because C d is affected by the complex interaction of reflection, molecular content, altitude etc., such that it varies with altitude 33) . However, the variation is typically small because the satellite materials usually remain constant 34) . Another important factor in atmospheric drag computation is the thermospheric density profile. Although this quantity is not precisely known at any given instant, empirical atmospheric models are being continuously improved, with increasing sophistication and good approximation 27) .
In this work we use one such model, namely, the NRLMSISE-00 empirical atmospheric model to compute our drag, for a good representation of the space weather condition through which ISS traverses.
Procedure
In this work, we first compute orbital decay of a model satellite (m s =250 kg, A s =0.25 m 2 , h=480 km) in low earth orbit during variations of solar activity, as a function of solar parameters using past solar parameter data as tracers or indicators of solar activity. Detailed procedure of this computation can be found in our preceding paper 35) . Using archival data of solar parameters and solar cycle forecast, we computed and estimated how the hypothetical LEO satellite orbit could be affected at different stages of the solar cycle and around the peak of emerging solar maximum. We then apply the resulting drag model on a model ISS in the LEO (described in section 5). The model ISS orbital decay was computed for the periods during The space environmental parameters used (as input data) in the thermospheric density model include solar flux (F10.7), geomagnetic Ap index, and the moving average of F10.7 over three rotations (about 81 days). Detail of the representation of these solar parameters in the model is given in 35) [See also Ref. [36] [37] [38] ]. The upper atmosphere expands as a direct consequence of the heating as measured by these solar parameters. This causes atmospheric density to increase resulting to an increase in drag on satellites especially those at LEO. The affected satellite orbit decays and causes its re-entry into the Earth if appropriate corrective measures are not taken to stabilize its orbital parameters 35, 39, 40) .
Computation of Orbital Decay Due to Atmospheric Drag Force
To compute orbital decay of a satellite orbit, we incorporated the empirical atmospheric model (NRLMSISE-00) into our drag force model. We assumed that the model ISS has an effective (projected towards the direction of motion) surface area of 130 m 2 (pressurized section=20 m 2 ; solar array section=100 m 2 and other connecting sections, including the robotic arms=15 m 2 ), mass of 419,455 kg and orbiting the Earth at an initial injected circular orbit of radius 405 km. In reality, mass, size and/or shape of the 'ideal' ISS could have varied during the time (years) for which computations were done due to continuous assembly, upgrade and/or on-orbit maintenance. However, we ignore such variations at this stage. We compute drag force effects from two basic sets of equations. The first set consists of four coupled differential equations 35) .
where, v r and v ø are the radial and tangential velocity components respectively. G is the gravitational constant, M e mass of the Earth, r is the instantaneous radius of the orbit, ρ is the atmospheric density, and B is the ballistic coefficient. We ignore the possible Coriolis force term as the radial motion is very slow. The four differential equations were solved by fourth order Runge-Kutta method to obtain instantaneous positions and velocity components of the satellite in an orbit. Incorporating the solution of orbit semi -major axis decay rate ( ) for near-circular orbit 4) , we compute drag force impact on the model satellite and subsequently on the model ISS, under varying space environmental conditions. Computations were also done by the differential equation of changes in the mean radius of the satellites orbit per revolution (MRPR) 8, 9, 41) , and both methods generally agree. The atmospheric model used in this work is the NRLMSISE-00 empirical atmospheric density model 42) .
Results and Discussions

Impact of Drag force on model ISS satellite
The orbital decay of a model LEO satellite due to atmospheric drag impact was computed. Considering a five-year analysis, result showed that the model LEO satellite experienced a decay rate of about 38±14 km/year during solar maximum (1999) (2000) (2001) (2002) (2003) , 7±4 km/year during solar minimum (2004) (2005) (2006) (2007) (2008) and up to 27±5 km/year during current emerging solar maximum, with about 5 km contribution from major solar event 35) . There are quite a number of engineering models in use, which applied neutral atmospheric models to compute satellite drag. Chen et al. (2012) studied CIRand CME-induced effects on CHAMP satellite orbit (h=450 km, m s =522 kg, A s =0.72 m 2 , C d =2.2) during day 324-340 in 2006, and showed that the rate of its orbit decay due to CIR-and CME-induced effect was about 50 and 80 m/day respectively 9) . Our modeled result showed a respective decay of about 42 and 50 m/day 35) . Although the orbital parameters of the two satellites (CHAMP and model LEOS) are not the same but their area-to-mass ratio are quite close. This factor is important to the drag effect under consideration in this work.
Conclusions
We modeled the effects of atmospheric drag force on a hypothetical low Earth orbit satellite during variation of solar activity at different phases of the solar cycle, and applied the model on a model ISS satellite. We show that the severity of impact strongly depends on the phase of the solar cycle. When applied to a model ISS, we found that, depending on the severity of solar events, stage of the solar cycle and the orbital parameters, a large (massive) artificial satellite could experience orbital decay of up to 35±6 km per year during solar maximum and 13±5 km per year during solar minimum. These values correspond to respective mean decay rate of about 2.95 km/month and 1.0 km/month.
